Abstract: Whereas brownfield development is of widespread interest, there is scant literature on the environmental impacts of brownfield developments relative to conventional developments. We assembled a set of two residential brownfield and two conventional greenfield developments for a sample of U.S. cities including Baltimore, Chicago, Milwaukee, Minneapolis, Pittsburgh, and St. Louis. Using the travel time and modes of transportation information from the 2000 U.S. Decennial Census, we analyzed the long-term commuting impacts from the two types of developments. Relative to greenfield development neighborhoods, we find that the brownfield development neighborhoods are closer to center cities, have higher public transportation use for commuting, comparable average travel times to work, and lower energy and greenhouse gas emissions for commuting. Future work will extend these results to consider other differential impacts of the two types of developments.
Introduction
With population growth and urban sprawl on the rise, cities are paying special attention to effective use of limited available land. The Environmental Protection Agency's Smart Growth program aims to "help communities grow in ways that expand economic opportunity, protect public health and the environment, and create and enhance the places that people love" (U.S. EPA 2010). Furthermore, the U.S. Department of Transportation's (DOT) Livability Initiative promotes the integration of quality transportation to areas that enrich citizens and communities (U.S. DOT Federal Highway Administration 2010) . This multidisciplinary focus of these federal agencies reflects the importance of sustainable development through the interrelationships between land use and transportation.
One example of land and mobility intersections can be examined through brownfield development sites. Brownfields are properties with the presence (or suspected presence) of hazardous substances or contaminants (U.S. EPA 2009). Brownfield remediation and development are intended to improve environmental quality and reduce pressure for development of green spaces. A variety of grants and support programs are available to spur brownfield development in the United States at the federal, state, and local levels (Wernstedt et al. 2006; Lange and McNeil 2004) . Brownfield development requires assessment of environmental risks and, in most cases, remediation activities before development is possible. However, brownfield development might take advantage of existing infrastructure such as water and sewer distribution and collection networks, roads, and power supply. Furthermore, brownfield development results in significant benefits to the surrounding citizens through reduced health risks, neighborhood improvement, and transportation externalities (De Sousa 2002) .
Transportation is an integral component of sustainable development. The topic is now expanding beyond mobility into discussions surrounding human health and ecosystem protection (Deakin 2001) . To help understand the role of transportation in sustainable growth, we compare the travel time, energy, and greenhouse gas emission impacts of commuting from a sample of brownfield and greenfield development neighborhoods. Our intent is to investigate the various long-term effects of brownfield developments relative to conventional greenfield developments. Commuting is an important component of such long-term effects. Our analysis is based on U.S. Census tracts that include brownfield and greenfield residential developments as well as surrounding housing.
Sample of Brownfield and Greenfield Development Neighborhoods
Brownfield developments range widely in size and intended use. For example, numerous brownfield developments involve remediation and reuse of individual gasoline service stations; larger brownfield developments may be former industrial plants that are converted to office parks or golf courses.
For this study, we sought a sample of representative U.S. brownfield and greenfield residential developments. We restricted our sample to metropolitan areas for which knowledgeable local representatives could identify two relatively large brownfield developments and two comparable greenfield development areas. The chosen developments were to have occurred in the past 20 years and include approximately 100 or more housing units. sample set is based on suggestions from local urban planners and community economic and development organizations that were contacted via e-mail and telephone. The final sample set includes developments in Baltimore, Chicago, Milwaukee, Minneapolis, Pittsburgh, and St. Louis.
The distance to center city for each development is listed in Table 1 for greenfields and Table 2 for brownfields. Distances to center city were obtained from online map directions and represent roadway distances with the shortest travel time. Additional information on the brownfield and greenfield developments can be found in the supplemental information.
Greenfield developments are, on average, 24 mi (38 km) from center city and six times further from the center city than the average for brownfields. This result is not surprising. Greenfield developments are built where land is available and relatively inexpensive, which typically means the outskirts of metropolitan areas. Brownfield developments occur where earlier development has already taken place and the property was subsequently vacated, so we expect they would be closer to the center city and supporting infrastructure.
With closer proximity to the urban core, we expect that brownfield residents may have fewer vehicle miles of travel (VMT) overall. Paull's analysis of the Maryland Historic Tax Credit Program notes that compact development has been correlated to a reduction of 20-40% in VMT compared to sprawl (Paull 2009 ). The Transportation Research Board (TRB) report on driving and the built environment also identified reductions in VMT for compact city development (National Research Council 2009). Shammin et al. (2010) found that compact living had roughly 18% lower energy intensity than sprawling developments.
Modal Shares and Commuting Time
At an aggregate level, commuting modal shares in the U.S. Census Bureau data (2000) are divided into: individual automobile, public transportation, motorcycle, bicycle, walked, and other modes (Fig. 1) . Of the various modes in the census data, only the individual automobile, public transportation, and walking had substantial use in both brownfield and greenfield developments.
For individual vehicle transportation, residents of greenfield developments use their personal vehicles 97% of the time for travel to work, with 8% carpooling and 89% driving alone. In brownfield neighborhoods, the commute to work by personal automobile is substantially less, at 72%. Of those individuals who drive individual vehicles, almost twice as many carpool (15%) as compared to greenfields residents (8%). Commuting modal shares are summarized in Fig. 2 , with the full analysis in the supplemental information.
The second main type of commuting mode is public transportation, responsible for 2% of the trips to work by residents in greenfield neighborhoods and 18% for brownfield neighborhoods. Finally, the share of commuting by walking is 1% for greenfields and 8% for brownfields. These transportation differences are likely a result of the greater attractiveness and availability of public transportation closer to center cities, as well as shorter average commuting distances from brownfield developments. There might also be greater interest in carpooling, public transportation, and walking among residents choosing to live in a brownfield neighborhood. Fig. 2 shows the overall shares of commuting modes. While the modal split of the two types of development neighborhoods are quite different (Fig. 2) , the average travel time to work is quite similar with 28 min for greenfields and 27 min for brownfields (Tables 3 and 4) .
It is helpful to look at the disaggregation of the travel time by mode for use in calculating energy consumption and greenhouse gas emissions of the various developments. These average travel times from the U.S. Census Bureau data can be disaggregated by mode into two broad categories: public transportation; and other, as seen in Tables 3 and 4 . The "other" category includes: individual automobile; motorcycle; bicycle; walking; and other ( Fig. 1) . Since the individual automobile is used by most residents (97% greenfields and 72% brownfields), we assumed that the average "other" travel time is representative of private vehicle travel times.
Energy Impacts of Commuting

Scope and Assumptions
In this energy impact analysis, our scope includes the upstream supply chain production of the transportation fuel and the combustion of the fuel during the vehicle use phase. We estimated supply chain fuel production and combustion data for individual automobile and public transportation separately. To calculate these impacts, commuting speed, automobile fuel efficiency, price of fuel and electricity, public transportation information, and upstream supply chain and combustion impacts were required.
Individual Automobile Transportation
Automobile Fuel Energy
In order to quantify the upstream energy required to produce automobile fuel, the economic input-output life-cycle assessment (EIOLCA) U.S. 2002 Producer Price model was chosen (Hendrickson et al. 2006 ; Carnegie Mellon University (CMU) Green Design Institute 2010). Within the model, we chose the "Petroleum Refineries" sector group for analysis. This specific sector accounts for "establishments primarily engaged in refining crude petroleum into refined petroleum" and associated upstream impacts (CMU Green Design Institute 2010). The EIOLCA model estimated that 31:7 TJ=$1 million resulted from the supply chain of fuel production (CMU Green Design Institute 2010). The average commuting speeds are reported by city and by roadway type for 2007. For this analysis, we assume that the cities commuting time is the average speed based on freeway and arterial street information (Table 5) .
Energy used for a vehicle trip is calculated from the average travel time to work (Tables 3 and 4) , average travel speed in each city (Table 5) , the average vehicle fuel efficiency (20:3 mi=gal:), and the automobile fuel energy (181 MJ=gal:)
where EVT i = energy per vehicle trip for development i; t = average travel time; and v = average speed. An example calculation for the individual automobile energy intensity per vehicle trip for Cranberry Heights, located near Pittsburgh, is provided in Fig. 3 . For this paper, a vehicle trip represents a resident's commuting distance to work one way. On average, vehicle trips from greenfield developments consume 150 MJ of energy per vehicle trip (0:14 million BTU=year) compared to 130 MJ of energy per vehicle trip (0:13 million BTU=year) from brownfield developments. This difference is directly linked to the variation in individual automobile commuting time and speed, as shown in Tables 3-5. These numbers assume commuters use individual automobiles to and from work 260 d/year. In addition, the energy intensity results for all developments can be found in the supplemental information.
Public Transportation
The other primary mode of commuting besides individual automobile is by public transportation. We estimated energy impacts per public transportation passenger. The National Transit Database (NTD) for 2001 provided annual energy consumption reported in gallons and kW·h and annual ridership information on the six cities' transit authorities containing the paired brownfield and greenfield developments. The distribution of fuel consumption by city can be seen in Table 6 .
Public Transportation Fuel Energy
The fuel consumption information from the NTD was first combined with diesel gasoline, motor gasoline, and natural gas emission coefficients from the EIA data to obtain the combustion impacts (EIA 2009). Second, the upstream impacts from fuel and electricity production were calculated using the EIOLCA model identified previously. For fuel production impacts, the same initial EIOLCA factor of 31:7 TJ=$1 million, as described herein in the "Individual Automobile Transportation" section, was used and scaled by the corresponding 2001 consumer prices for diesel, gasoline, and natural gas (EIA 2008a, b, c) .
The energy impact for direct diesel fuel combustion was assumed to be 146 MJ=gal: (EIA 2009). Thus, the total energy for 
The upstream energy impacts from electricity production used the EIOLCA "Power Generation" sector group for analysis. The model output for the power generation sector resulted in 114 TJ=$1 million from the supply chain of electricity production (CMU Green Design Institute 2010). The model output was scaled by the average retail residential price of electricity in 2001 of $0:09=kW · h (EIA 2008d).
Public Transportation Combustion Energy Impacts
After the upstream supply chain energy impact of fuel and electricity are calculated, the total energy consumed by fuel combustion must be added. For electricity, input energy to produce the electricity is in the supply chain, so direct use consumption is not included because it would be double counting. The use phase of fuel for public transportation agencies is reported by the NTD in gallons per year or kW · h=year for each energy source. The fuel and electricity consumption distribution percentages from the public transit authorities can be seen in Table 6 . The NTD annual energy sources are converted into MJ=year, using the EIA emission coefficients (EIA 2009).
Lastly, the total of annual passenger trips given by the NTD, seen in Fig. 4 , is used to compare the public transportation energy intensities per passenger across cities.
Energy used for a passenger trip is calculated from the public transportation agency fuel mix (Table 6 ), the fuel source energy intensity (EIA 2009), and public transportation annual ridership
where EPT i = energy per passenger trip for city i; f = fuel type consumption; e = energy intensity of fuel; and p = annual ridership. Assuming a passenger uses public transportation twice a day for 260 d/year gives an annual energy impact for each passenger. Milwaukee has the lowest annual energy impact for each passenger at 6;700 MJ=passenger=year (6:3 MBTU=passenger=year, and Pittsburgh has the highest at 16;000 MJ=passenger=year (15 MBTU= passenger=year. The results for all cities can be seen in Fig. 5 . The wide range results from differences in annual public transportation passenger ridership (Fig. 4) and public transportation vehicle energy source distributions (Table 6) .
Energy Impacts for All Transportation Modes
Combining both individual automobile transportation and public transportation energy impacts consumed by travel to work gives a more complete picture of the differences between greenfield and brownfield developments. The energy use per commuter is calculated as a weighted average of the energy impacts for each mode, with the weights equal to the modal shares
where EUC i = average energy use per commuter for development i; ms mi = modal share fraction for mode m in development i; and em mi = energy use per commuter for mode m and development i. We assumed those residents who carpooled had only two commuters per vehicle trip. On average for commuting patterns, the greenfield developments consume 75;000 MJ=commuter=year (71 MBTU= commuter=year versus 47;000 MJ=commuter=year (45 MBTU= commuter=year) for brownfields. Therefore, the brownfield developments consume approximately 37% less commuting energy per resident annually than the studied greenfields (Fig. 6) . The lower energy requirements are a result of differences in modal share (more walking, carpooling, and public transportation for brownfield commuters) and somewhat shorter travel times for use of private vehicles. Note that the Homan Square brownfield development is an outlier with high travel times and corresponding relatively high energy requirements.
Greenhouse Gas Emission Impacts of Commuting
The same method as presented previously for energy impacts of commuting was recalculated for greenhouse gas (GHG) emissions. The only variations were for upstream GHG emissions for fuel and electricity production and the corresponding emission factors. These upstream impacts were calculated through the same EIOLCA model and sectors described previously in the "Individual Automobile Transportation" and "Public Transportation" sections. The analysis resulted in 2,380 metric tons (t) of C0 2e =$1 million (5:2 million lb C0 2e =$1 million) for upstream fuel production and 9,160 t of C0 2e =$1 million (20 million lb C0 2e =$1 million) for upstream electricity production. The combustion GHG emission factors used for fuel and electricity were from the Energy Information Administration-Voluntary Reporting of GHG program (EIA 2002 ). An example calculation of the upstream impacts of diesel and electricity for public transportation for Pittsburgh can be seen in Fig. 7 .
Individual automobile use by greenfield residents results in 11,000 lb C0 2 per auto commuter per year, which, on average, is approximately 36% higher than brownfields developments. The average greenhouse gas emissions from public transportation averaged across all six studied cities is 2,000 lb C0 2 per bus passenger per year. Incorporating both individual automobile and public transportation travel into greenhouse gas impacts of commuting by residents, the greenfield developments average 11,000 lb C0 2 =commuter=year, and the brownfield developments average 7,000 lb C0 2 =commuter=year ; these results can be seen in the supplemental information.
Conclusion
This research analyzed energy consumption and greenhouse gas emissions impact differences from commuting for greenfield and brownfield developments for six cities: Baltimore, Chicago, Milwaukee, Minneapolis, Pittsburgh, and St. Louis. Greenfields are six times further from the center city, on average, than are brownfields (4 mi). On average, including both individual automobile and public transportation, the greenfield development commuters consume 75;000 MJ=commuter=year (71 MBTU=commuter=year) versus 47;000 MJ=commuter=year (45 MBTU=commuter=year) for brownfields. In terms of greenhouse gas emissions, the greenfield development emits 11,000 lb C0 2 =commuter=year compared to 7,000 lb C0 2 =commuter=year for the brownfield development. Thus, brownfield commuters had on average 37% lower energy and 36% lower greenhouse gas emissions for their commuting trips. These differences are from variations in modal shares (with more walking, carpooling, and public transportation for brownfield residents) and slightly shorter private automobile commuting times. Our results have some significant uncertainties. First, our sample was limited to 24 developments. Second, we used average metropolitan travel speeds and average impacts per public transportation passenger in our estimation. Third, there is considerable uncertainty in energy and greenhouse gas emission estimates. Fourth, the greenfield and brownfield developments include the surrounding neighborhoods as defined by the US Census tracts. Finally, we did not consider other travel, buildings, or other impacts of the developments. Nevertheless, there do appear to be substantial differences in the impacts of commuting for the two types of developments.
